In this work, we discuss a combined memory function equation (MFE) and generalized Langevin equation (GLE) approach (referred to as MFE/GLE formulation) to characterize thermal noise in confined fluids. Our study reveals that for fluids confined inside nanoscale geometries, the correlation time and the time decay of the autocorrelation function of the thermal noise are not significantly different across the confinement. We show that it is the strong cross-correlation of the mean force with the molecular velocity that gives rise to the spatial anisotropy in the velocity-autocorrelation function of the confined fluids. Further, we use the MFE/GLE formulation to extract the thermal force a fluid molecule experiences in a MD simulation. Noise extraction from MD simulation suggests that the frequency distribution of the thermal force is non-Gaussian. Also, the frequency distribution of the thermal force near the confining surface is found to be different in the direction parallel and perpendicular to the confinement. We also use the formulation to compute the noise correlation time of water confined inside a (6,6) carbon-nanotube (CNT). It is observed that inside the (6,6) CNT, in which water arranges itself in a highly concerted single-file arrangement, the correlation time of thermal noise is about an order of magnitude higher than that of bulk water. © 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Thermal noise is the spontaneous microscopic fluctuations that occur naturally in a molecular system at finite temperature. With the advent of nanotechnology, there has been considerable interest in understanding the role of thermal fluctuations in nanofluidic dynamics and transport. It has been argued that thermal fluctuations can influence the flow characteristics and are expected to play a significant role in nanoscale transport.
1, 2 An understanding of the interplay of thermal noise on the fluid dynamics and transport inside nanoscale systems is essential for understanding the mechanism of distinctive nanoscale phenomena such as single-file transport 3 and a possibility of thermal noise induced/assisted unidirectional transport. 4 In the last decade, few theoretical and molecular dynamics (MD) simulation studies have been performed that report the unforeseen role of thermal fluctuations in nanofluidic transport. Kalra, Garde, and Hummer 3 in their MD simulation of osmotic flow through a carbonnanotube (CNT) report that the water flow is stochastic in nature and the flow rate is governed by thermal fluctuations. Detcheverry and Bocquet 5, 6 explored the impact of hydrodynamic fluid fluctuations on the transport of mass and charge in nanopores. Recently, Wan, Hu, and Fang 4 using a toy model showed that thermal noise may induce a biased (unidirectional) transport in a spatially asymmetric nanoscale dimension system, provided the correlation time of the thermal fluctuations is comparable to the characteristic time scale of the system. Though these studies highlight the relevance of thermal fluctuations in nanofluidic dynamics and transport, a general methodology that can be used to characterize and a) Electronic mail: aluru@illinois.edu understand thermal fluctuations in nanofluidic systems is, however, lacking.
Conventionally, equilibrium thermal fluctuations are modeled as "White" noise, which means that thermal fluctuations do not have any time scale associated with them and exist independently of the underlying physical process. 7 This assumption provides a reasonable description in systems where the correlation time of thermal noise is much smaller than the characteristic time scales of the system (see Ref. 8 for discussion on different time scales associated with molecular motion). However, in many fluidic systems, specifically for fluids confined inside nanometer scale geometries, the White noise assumption might be insufficient or invalid. In this work, we discuss a combined memory function equation (MFE) and generalized Langevin equation (GLE) approach (MFE/GLE formulation) to characterize thermal noise in confined fluids. The MFE/GLE formulation is used to compute the correlation time of the thermal noise, which is an important parameter that assigns a time scale to the thermal noise. We also use the formulation to extract the thermal force a fluid molecule experiences in a MD simulation. The remainder of the paper is organized as follows: In Sec. II, we discuss the MFE/GLE formulation. In Sec. III, we use the formulation to understand thermal noise in confined fluids. Finally, conclusions are presented in Sec. IV.
II. MFE/GLE FORMULATION
In MFE/GLE formulation, we use the Langevin theory to characterize thermal noise in confined fluids. We assume that for confined systems in thermal equilibrium, the velocity v q and position r q of the fluid molecule of mass m in the direction q at time t can be described by the GLE [9] [10] [11] as
where K q is the memory function that characterizes the velocity dependent dissipative force, F q is the position dependent mean force that characterizes the structural inhomogeneity of the confined fluid, and R q is an additive random force that mimics the thermal noise. Further, as R q represents equilibrium thermal fluctuations, no instant plays a preferential role (starting sampling time is referred to as t = 0), and we assume that it obeys the following statistical relations:
Relation (2a) assumes that the mean value of the random force is zero as it does not disturb or destroy the equilibrium. Relations (2b) and (2c) assume that the thermal force is uncorrelated with the velocity and the mean force, respectively. 9 If we multiply Eq. (1a) by v q (0)/ v q (0) 2 and perform the ensemble averaging (angular brackets denote ensemble average) using Eq. (2b), we get,
where q (t) is the normalized velocity autocorrelation function (v-ACF) and q (t) is the time-dependent crosscorrelation function between the mean force and the velocity of the fluid molecule. The above integro-differential equation (Eq. (3a)) that describes the time evolution of the v-ACF of a fluid molecule inside the confined system is the MFE for a confined fluid. This equation reduces to the MFE for bulk fluids (F q = 0, q (t) = 0), which is an exact equation that can be formally derived from the Liouville equation using the projection operator formalism. 10, 11 Thus, q (t) can be interpreted as a measure of the additional memory that a confined fluid molecule carries because of its interaction with the confining surface. The utility of this equation is that given q (t) and q (t) (from experiments or MD simulations), it can be used to compute the memory function K q (t).
For fluids in thermal equilibrium, the fluctuationdissipation (FD) theorem relates the memory function K q (t) to the autocorrelation function of the random force used in the Langevin equation. 11 Now, we discuss that relationship. The GLE (Eq. (1a)) can be used to compute the autocorrelation function of the random force, R q (0)R q (t) , as
where the dot (.) represents the derivative with respect to time. We have used the property defined in Eq. (2c) to obtain Eq. (4). Now, using the properties of the derivative of stationary autocorrelation functions, 11, 12 and performing the algebra using Laplace transform, the above equation can be solved for R q (0)R q (t) as
where δ is the Dirac delta function and the rest of the symbols have the same meaning as defined above. Further, using the equipartition theorem that relates the variance of the velocity to temperature T as v q (0) | t=0 = 0 and from Eq. (3a) we get q (0) = 0), we can simplify the relation as
The utility of this relation is that the knowledge of the memory function K q (t) that describes the v-ACF of a molecular fluidic system can provide an understanding of the autocorrelation function of the thermal noise in that system. We use this relationship to compute the correlation time of the thermal noise, τ R , as
which can be compared with other characteristic time scales to understand its interplay with the underlying physical process. In this work, we compare the thermal noise correlation time with the momentum relaxation time of the fluid. Momentum relaxation time is the average time it takes for a molecule to completely randomize its state in momentum. The momentum relaxation time, τ v , can be estimated by using the velocity autocorrelation function in place of the thermal noise autocorrelation function in Eq. (7) . Such an analysis lets one understand the interplay of thermal noise in the self-diffusion dynamics of the fluid. We now apply this approach to characterize thermal noise in molecular fluids.
III. THERMAL NOISE IN MOLECULAR FLUIDS
We first use the MFE/GLE formulation to compute the correlation time of thermal noise in bulk fluids (F q =0, q (t) = 0). Figures 1(a) and 1(b) show the comparison of the time decay of the center-of-mass (COM) v-ACF and the corresponding thermal noise autocorrelation function (R-ACF) for bulk carbon-dioxide (CO 2 ) 13 and extended simple point charge (SPC/E) 14 water, respectively. Both the v-ACF and the R-ACF are normalized by their initial values. The thermodynamic state for these fluids is reported in Table I . v-ACFs are obtained from MD simulations. MD simulation is performed using the simulation package GROMACS. 15 Once v-ACF is known, Eq. (3a) is solved numerically to obtain K(t), which is related to R-ACF through Eq. (6) . The numerical procedure to solve Eq. (3a) is discussed in Ref. 11 . It can be observed that for CO 2 the v-ACF and the R-ACF are widely separated in time, while for SPC/E water they have a significant overlap. Further, the v-ACF of CO 2 has an exponential type decay, which is typical of the relaxation mechanism in low density fluids where the fluid relaxes without experiencing significant backscattering from the neighboring molecules. For SPC/E water, the v-ACF shows a rapid initial decay, becomes negative because of backscattering, and then slowly decays to zero. Also, it can be observed that the v-ACF of SPC/E water has a small bump at t ∼ 0.16 ps before it becomes negative. It has been reported in the literature that this feature is universal to bulk water v-ACF at 1 bar pressure and 300 K temperature, and is independent of the interaction potential model used to simulate the water dynamics. 16 Its origin can be related to the rotational induced translation due to a combined effect of Lennard-Jones (LJ) and Coulomb interactions.
We use the v-ACFs and R-ACFs to compute the noise correlation time (τ R ) and the momentum relaxation time (τ v ) for these fluids. The correlation times are computed using Eq. (7) and are reported in Table I . It can be observed that for CO 2 the correlation time of thermal noise is about an order of magnitude smaller than the momentum relaxation time (τ v /τ R ∼ 15), while for bulk water the noise and the momentum relaxation times are of the same order (τ v /τ R ∼ 1). It is only when the thermal noise correlation time is much smaller than the characteristic time scale of the system, it can be TABLE I. Thermal noise correlation time, τ R , and the momentum relaxation time, τ v , in fluidic systems. assumed uncorrelated with the underlying physical process and "White" noise description is valid. When the two time scales are of comparable order, the memory effects become important and the finite correlation time of the thermal noise must be taken into account to understand the interplay of thermal noise. Our conclusion for bulk water is consistent with the results of Liu, Harder, and Berne, 17 where they show the inability of the Gaussian White-noise in capturing the shorttime self-diffusion dynamics of TIP4P water molecules in the bulk state. Also, we want to point out that the noise correlation time for bulk SPC/E water computed here (τ R ∼ 0.06 ps) is lower than the value of ∼2 ps reported in Ref. 18 . The reason for this discrepancy is that in Ref. 18 the autocorrelation function of the force that the oxygen atom of the water molecule experiences in a MD simulation is used to compute the correlation time of thermal noise.
We now use the MFE/GLE formulation to study thermal noise in confined fluids. For fluids confined inside nanometer scale geometries, due to the strong interaction of the fluid molecules with the confining wall, the fluid becomes inhomogeneous and its static and dynamical properties are different in the direction parallel and perpendicular to the confining surface. 19 We study the properties of thermal noise in both the directions. The first system we study is SPC/E water confined inside a 11σ oo wide (σ oo is the LJ interaction distance parameter of the oxygen atom of SPC/E water molecule; σ oo = 0.317 nm 14 ) semi-infinite graphite slit pore. The system is loaded at a reference bulk state of 33.3 molecules/nm 3 and 300 K temperature. Figure 2 (a) shows a schematic diagram of the semi-infinite slit pore system (slit is infinite in x and y directions and z is the confining direction). The molecular modeling and MD simulation details for all the confined systems considered in this work can be found in Refs. 20 and 21. Figure 2(b) shows the variation of the local number density ρ(z) of the water molecules across the confinement. To understand the effect of confinement, we divide the slit into three regions, Reg. I, II, and III, based on their perpendicular distance from the confining wall. Figures 2(c) and 2(d) show the variation of the mean force, F q , in the three regions along the perpendicular (q = z) and the parallel (q = x) directions, respectively. It can be observed that F z is oscillatory in Regs. I and II, and is a constant ∼0 in Reg. III, thus giving rise to an inhomogeneous density profile near the confining surface and a bulk-like homogeneous density in the central region of the pore. The variation of F x is very small (∼0) in all the three regions, which suggests that the lattice structure of the graphite wall does not induce structural inhomogeneity along the parallel direction. Figure 2 (e) shows the comparison of the COM v-ACF of water along x (broken line) and z (solid line) directions in the three regions. The v-ACFs are normalized by their initial value. It can be observed that in Reg. I, which is nearest to the wall, the time decay of the v-ACF in x and z directions is significantly different from each other, confirming that the dynamical behavior of the fluid molecules is highly anisotropic. In Regs. II and III, the v-ACFs in both directions look quite similar to each other. It is interesting to observe that in Reg. II, though the density profile is quite inhomogeneous (see Fig. 2(b) MD simulation, we now use the MFE to compute the memory function in each region. It can be observed from Eq. (3a) that for confined fluids the time evolution of v-ACF is governed by a combined effect of the dynamical response due to the interaction of the fluid molecules with the confining surface ( q (t)) and the thermal noise (K q (t)). To solve Eq. (3a) for K q (t), we also need to compute the function q (t) in each region. To compute q (t), we need the positions r q (to compute the mean force F q ) and the velocity v q , both of which are directly obtained from MD simulation. Since F x is ∼0, in all the three regions, the cross-correlation function x (t) is also negligible in all the three regions. Figure 2(f) shows the variation of the function z (t) in the three regions. It can be observed that z (t) provides a significant short time contribution (until 0.5 ps) in Reg. I, while it is almost zero in Regs. II and III. We use q (t) and v-ACF of each region and direction (total 6 cases) in Eq. (3a) and numerically compute K q (t). observed that the time decay of the memory functions along x and z directions in each region is quite similar to each other. Also, the time decay of the memory functions in the three regions do not differ significantly from each other. The correlation time of the thermal noise (computed using Eq. (7)) in the three regions along both the directions is found to be quite similar and is ∼[0.05-0.06] ps. These observations suggest that even though the dynamical behavior of the confined fluid is spatially anisotropic, the correlation time and the time decay of the thermal noise autocorrelation function are not significantly different across the confinement. Further, from Eq. (3a) we can deduce that it is the strong cross-correlation of the mean force with the molecular velocity (characterized by the function q (t)) that gives rise to the spatial anisotropy in the v-ACF of the confined fluid.
To investigate further on the statistical properties of the thermal noise in each region, we use the computed memory functions in the GLE and extract the thermal force from the total force that a particle experiences in a MD simulation. 
R q (t) as
The total force, velocity, and position at each instant can be directly obtained from MD simulation and the above equation can be solved numerically to obtain R q (t). To minimize the artificial effects of MD thermostats, MD simulation was performed in the NVE ensemble, where N is the number of particles, V is the volume, and E is the total energy of the system. We extract the thermal force and estimate the frequency distribution of the thermal force for each region and direction. Figure 3(a) shows the comparison of the frequency distribution of the thermal force along x and z directions for each region. Table II shows the mean, variance, skewness, and Kurtosis value of the thermal force extracted from the MD simulation. It can be observed that the distribution function of the thermal force in all three regions qualitatively resemble a zero mean Gaussian distribution, which is typically assumed to model thermal noise in molecular fluids. It can be observed from Table II that the mean of the thermal force is ∼0 for all regions and directions. Also, for Reg. I, which is nearest to the confining surface, the variance of the thermal force along the z direction is lower than that of the x direction. For Regs. II and III, the variance along x and z directions are quite similar to each other. Further, it is interesting to note that for all regions and directions, the skewness value (third moment) is not strictly zero and the Kurtosis value (fourth moment) is greater than 3. A non-zero skewness value and a Kurtosis value greater than 3 suggest that thermal noise is not strictly Gaussian. We also report in Table II the initial value of the memory function K q (0) and the theoretical variance value ( R q (0) 2 = mk B TK q (0)) for each region and direction. It can be observed that within statistical uncertainty, the variance of the thermal force extracted from the MD simulation for all directions and regions is in agreement with their respective theoretical values. Thus, the noise extraction from MD simulation suggests that frequency distribution of the thermal force is non-Gaussian and its distribution near the confining surface is different in the direction parallel and perpendicular to the confinement. We also used the extracted thermal force to verify the FD relation for this system. Figure 3(b) shows the verification of the FD relation along each direction in the three regions. The solid line is the normalized R-ACF
2 ) computed using the R q (t) values extracted from the MD simulation and broken line is the ratio K q (t)/K q (0). The verification of the FD relation confirms the physical validity of the MFE/GLE approach to extract thermal noise in molecular fluids. We also repeated our calculations by performing a MD simulation for this system using the simulation package LAMMPS. 24 The aim was to ensure that the MD inputs to the MFE/GLE formulation are the same from both LAMMPS and GROMACS. The v-ACFs, cross-correlation functions q (t), and memory functions K q (t) obtained from LAMMPS were found to be almost identical to those obtained from GROMACS. To check if the non-Gaussian features observed in the confined fluid are also observed in the bulk fluid, we extracted and analyzed thermal noise in the bulk SPC/E water at the same thermodynamic state. For bulk water too the Kurtosis value was found greater than 3. It has been reported in the literature that non-Gaussian behavior is also observed in the velocity autocorrelation function of dense bulk fluids. 22, 23 To show the generality of these observations to a different confining surface, we use the formulation to study thermal noise for SPC/E water confined inside a 4σ oo wide semi-infinite silicon slit pore. This system is also loaded at a reference bulk state of 33.3 molecules/nm 3 and 300 K temperature. 20 Figure 4(a) shows the variation of the local density ρ(z) across the confinement. It can be observed that for this system the density profile of water is completely inhomogeneous across the confinement. Here again we divide the slit into two regions (Reg. I and II) to understand the effect of the confinement. the mean force along z and x directions, respectively. It can be observed that for this system, F x varies periodically in Reg. I. This periodic variation of F x characterizes the effect of the lattice structure of the silicon wall and gives rise to structural inhomogeneity along the parallel direction. Figures 4(d)-4(f) show the COM v-ACFs, cross-correlation functions x/z (t), and memory functions K x/z (t), respectively, for this system. It can be observed that even for this system the time decay of the memory functions (Fig. 4(f) ) in the two regions along both directions is quite similar to each other. For this system too, it is the strong cross-correlation of the mean force with the molecular velocity that gives rise to the dynamical anisotropy in the v-ACF near the confining surface. It is interesting to note that though the magnitude of F x oscillates with a finite nonzero magnitude in Reg. I, function x (t) (Fig. 4(e) ) is quite small in comparison to z (t). This is because the magnitude of F x is much smaller than that of F z . We also performed this study for SPC/E water confined inside different size graphene slit pores, and for CO 2 and LJ argon confined inside different size graphite slit pores. The physical findings obtained for these systems were also found to be consistent with the findings reported above. Now, we use the MFE/GLE approach to compute the correlation time of thermal noise for water confined inside a (6,6) CNT. The motivation of this study is to understand if the preferential orientation of the hydrogen bond of water molecules inside a (6,6) CNT can affect the correlation time of thermal noise. In the bulk state, water forms on an average 4 hydrogen bonds, but the molecules are pulled or pushed by their hydrogen bonds isotropically without any preferential direction. Inside smaller size CNTs, specifically (6,6) CNT, the average number of hydrogen bonds that a water molecule forms is between 1 and 2 but they act mainly along the axis of the CNT and present a very strong correlation between the neighboring water molecules. 25 Because of these highly coordinated hydrogen bonds, water forms a twisted spiral-like single-file chain where two water molecules cannot cross each other. 26 Though water forms a single-file chain, it has been reported in several MD simulation studies that the diffusion mechanism of water inside (6,6) CNT exhibits an initial ballistic motion, which, in the long run, changes to Fickian. 27 As long as the mean-square-displacement (MSD) exhibits a Fickian dynamics at long times, the GLE (Eq. (1a)) can be used to model the stochastic dynamics of water inside a (6,6) CNT. 28 We apply the MFE/GLE approach to compute the noise correlation time for SPC/E water confined inside (6,6), (16, 16) , and (30,30) CNTs, which are loaded at the same thermodynamic state. The CNTs are infinitely long and are loaded at 1 bar pressure and 300 K temperature. The molecular modeling and MD simulation details for water-CNT systems can be found in Ref. insets) are very similar to that of bulk water. For (6,6) CNT, it can be observed that both the short time (see insets) and the long-time behavior of the v-ACF and the memory function are significantly different from that of bulk water. The v-ACF shows a distinctive hump starting at ∼4 ps, which reoccurs at ∼8 ps, albeit with a smaller magnitude before eventually decaying to zero. We have time averaged the v-ACF up to 6 ns to ensure that these humps are not statistical noise. These long time non-zero correlations, which are absent in the bulk state and bigger size CNTs are the characteristics of the highly concerted single-file motion of the water molecules inside a (6,6) CNT. We use the computed memory functions to estimate the noise correlation time for these systems. The thermal noise correlation times are reported in Table I . Also, for comparison, we report the momentum relaxation time of water in these systems. It can be observed from Table I that for (6, 6) CNT, the noise correlation time is ∼0.35 ps, which is around 5 times bigger than that of bulk water (0.06 ps). For (16, 16) and (30, 30) CNT, the noise correlation time is same as that of bulk water. Also, it can be observed from Table I that the ratio of the noise and momentum relaxation times in these systems is ∼1, suggesting that thermal noise cannot be assumed uncorrelated and its finite correlation time must be accounted for to understand the interplay of thermal noise in these systems. Now, we discuss an example which demonstrates that assuming the thermal noise to be spatially isotropic and Gaussian distributed does reproduce important single-particle dynamical properties of confined fluids. Though our study reveals that thermal force is not strictly Gaussian distributed, we still assume it to be Gaussian. The reason for assuming the noise to be Gaussian is purely a mathematical simplicity as a correlated Gaussian distribution can be easily generated numerically. Further, such an exercise will let us understand what sort of discrepancies can occur in the computed quantities if the non-Gaussian features are ignored in modeling thermal noise. The system we choose is a high density LJ argon (Ar) (average density 18.5 atoms/nm 3 and temperature 300 K) confined inside a 5σ ArAr wide (σ ArAr is LJ interaction distance parameter; σ ArAr = 0.34 nm 30 ) semi-infinite graphite slit. The reason for choosing this system is that in one of our earlier studies 31 this system showed maximum quantitative difference in the computed single-particle quantities when the finite correlation time of thermal noise was ignored and thermal fluctuations were modeled as Gaussian White noise. Figures 6(a) and 6(b) show the mean force profile F z and the memory function K(t), respectively, for this system. The mean force profile F z is obtained from an empirical potential based quasi-continuum theory (EQT). 30, 32 Memory function K(t) is obtained by using the MFE/GLE formulation and we take the memory function of Reg. II (see Fig. 6(a) ) to be the representative memory function for the entire system. The thermal noise correlation time of LJ Ar in this system can be estimated using Eq. (7) and is ∼0.08 ps. With the mean force profile and the memory function known, we solve Eqs. (1a) and (1b) to compute the position and velocity of the confined fluid molecule in the perpendicular (q = z) direction. We use an approximate frequency domain method to generate correlated Gaussian random numbers R z (t). The algorithm is discussed in Ref. 33 . A stochastic version of the Verlet algorithm is used to numerically integrate the GLE in time. This integration scheme is discussed in Ref. 34 . The simulation is used to compute the MSD and survival probability of argon in different regions across the confinement (see Fig. 6(a) ). In confined fluids, the position dependent MSD, [r q (t) − r q (t 0 )] 2 , along the direction q can be computed as 31 [r q (t) − r q (t 0 )]
where r i q (t 0 ) is the position of a molecule i at the starting time t 0 , r i q (t) is its position at a later time t and N j (t 0 ) is the number of particles present in the region of interest at the starting time t 0 . In this sampling scheme, a particle is assigned to a particular region if it was present in that region at the starting time t 0 . The simulation time is partitioned into blocks and the sampling process is repeated J times to perform block averaging. Survival probability is defined as the average probability that a particle which was inside a region at time t 0 still remains inside that region at a later time t. For a region, q L ≤ q ≤ q U , the survival probability, N j (t)
where N j (t 0 ) is the number of particles present in the region at time t 0 , and N j (t) is the number of those particles which still remain in the region after time t − t 0 . Survival probability is a boundary dependent quantity and its accuracy is quite sensitive to the resolution of the short time dynamics. 
IV. CONCLUSIONS
In this work, we discuss a combined MFE/GLE formulation to characterize thermal noise in confined fluids. Our study reveals that the correlation time and the time decay of the autocorrelation function of the thermal noise are not significantly different across the confinement. We show that it is the cross-correlation of the mean force with the molecular velocity that gives rise to the spatial anisotropy in the velocityautocorrelation function of the confined fluids. Further, we used the MFE/GLE formulation to extract the thermal force that a single particle experiences in MD simulations. Noise extraction from MD simulation revealed that for both bulk and confined fluids the distribution function of the thermal force is not strictly Gaussian. Also, the frequency distribution of the thermal force near the confining surface is found to be different in the direction parallel and perpendicular to the confinement. We also used the formulation to compute the noise correlation time for water confined inside different size CNTs. It is found that inside the (6,6) CNT, in which water arranges itself in a highly concerted single-file arrangement, the correlation time of thermal noise is an order of magnitude larger than that of bulk water. We also discuss an example which demonstrates that assuming the thermal noise to be spatially isotropic and Gaussian distributed in the GLE can be used to simulate important single-particle dynamical properties of confined fluids. 
ACKNOWLEDGMENTS

